ABSTRACT In a cascaded H-bridge rectifier (CHBR), the dc capacitor voltages need to be controlled to balance by the voltage balance controller when the loads are unbalanced. However, the voltage balance controller will fail to balance the dc capacitor voltages when the load unbalancing range exceeds a certain limit under unity power factor; that limit is constrained by the AC voltage and transmission power of each H-bridge. First, the relationships in CHBR were analyzed. Then, the expression between AC voltage and the power of each H-bridge was derived. Then the load unbalancing limits to maintain the dc capacitor voltage balance of each H-bridge were further deduced. In addition, the influence of ripple power and total load power on the load unbalancing limits was investigated. Finally, an experimental prototype of a single-phase threecell cascaded H-bridge rectifier was built and the correctness of the proposed load unbalancing limits was verified by the experiment. The proposed load unbalancing limits are universal, which provides theoretical support for the stable operation and power transmission of CHBR.
I. INTRODUCTION
Cascaded H-bridge rectifier (CHBR) is an effective topology for active power transmission in medium-and high-voltage applications, and has been successfully employed in traction systems, the rectifier stage of solid-state transformers (SST), and the rectifier stage of motor drive systems [1] - [9] . However, because of differences in switching losses, modulation, pulse delay and loads in the actual operation of CHBR, the DC capacitor voltages do not remain balanced. This problem seriously affects CHBR performance. Therefore, a number of papers have proposed many voltage-balancing control methods to maintain DC capacitor voltage balance. These approaches can be grouped into two categories. One uses the modulation techniques to achieve DC capacitor voltage balance, and the other adopts direct regulation of DC capacitor voltages with PI closed-loop controllers. The first modulation method includes the sorting method [10] , specific harmonic method [11] , [12] , multi-dimensional space
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaorong Xie. modulation [13] , [14] , capacitor voltage offset correction [15] , etc. By changing the modulation strategy to charge and discharge the DC capacitors in each H-bridge, the DC capacitor voltage balance in CHBR can be achieved. The second direct regulation method controls the DC capacitor voltages to be balanced by adding independent voltage closed loops on each H-bridge [16] - [19] . The methods and implementation processes of these control strategies are different, but each method can effectively achieve DC capacitor voltage balance.
However, when a CHBR operates under the condition of unity power factor, the DC capacitor voltage balance cannot be achieved in all load unbalancing ranges. When the load unbalancing range exceeds a certain limit, if the aforementioned voltage-balancing control methods are continued and other measures are not taken, the DC capacitor voltage balance can fail to be maintained, possibly resulting in the collapse of the entire system. Therefore, it is of great significance to study the load unbalancing limits for the stable and reliable operation of CHBR and the suitable scope of voltagebalancing control method [18] - [24] .
The problem has been analyzed in several studies. In [18] , an independent voltage closed-loop control method in the d-q coordinate system was adopted to balance the DC capacitor voltages, and the load power unbalanced range was presented by use of duty cycle relationship combined with equally distributed reactive power and no over-modulation constraints. In [19] , a new kind of control strategy consisting of dc voltage balance was proposed. This strategy can eliminate the coupling effect between the voltage balance controller and the basic double-loop controller. Combined with the limit of the modulation index, the constraints for actual active power deviation are obtained. In [18] , [19] , although load power unbalancing ranges suitable to the respective proposed methods are given, the verification was not carried out. Therefore the correctness and application scope of the proposed load power unbalancing ranges in [18] , [19] need to be investigated further. By contrast, some other studies focused on load unbalancing ranges and verified results. In [20] , the phase and proportion coefficient constraints to maintain the DC capacitor voltage balance were derived by establishing the differential equation and transfer function of the modulated wave adjustment balancing method. Then, an experiment was carried out, showing that when the phases in each H-bridge are within the phase and proportion coefficient constraints, the DC capacitor voltages can be balanced, and when the phases in each H-bridge exceed the constraints, the balance of DC capacitor voltages cannot be maintained. In [21] , the load balancing limits based on two-dimensional modulation were deduced by deeply analyzing the modulation waveforms of a single-phase two-H-bridge cascaded rectifier, and the correctness of the analysis is verified by a semi-physical real-time simulation platform based on RT-lab. In [22] , a calculation method of the load balancing limits for two-cell cascaded H-bridge rectifiers was proposed on basis of the analysis of power balance and the phase shifted carrier pulse width modulation (PWM) modulation principle. In [23] , [24] , the steady-state power balance in the cells of a two-cell cascaded H-bridge rectifier was analyzed with vector diagrams and the conclusions about the limits of the maximum and minimum power unbalance were derived.
However, the conclusions about load unbalancing limits in [20] , [21] and [22] were obtained by analyzing twodimensional modulation and PWM modulation principles. Once the modulation methods are changed, the analysis method of the load unbalancing limits will not be applicable. The analysis in [23] , [24] was carried on in accordance with the mathematical relationships in vector diagrams of two-cell H-bridges. When the number of H-bridges increases, the analysis process in [23] , [24] is changed and becomes more complex. Therefore, the conclusions about load unbalancing limits in [20] - [24] were obtained by analyzing the power balance mechanism of two-cell cascaded H-bridge rectifiers or a specific modulation method, and these conclusions could not be generalized. By contrast, in this paper, maximum load unbalancing limits of CHBR under the condition of unity power factor were obtained by analysis from the view of the converter operation mechanism. The proposed analysis method for load unbalancing limits are not constrained by modulation method or the number of H-bridges; therefore, the approach can be generalized. The conclusion of the present research provides theoretical guidance for the stable operation and power transmission of CHBR, thereby expanding the theoretical field of CHBR.
In this paper, the relationship in CHBR was analyzed firstly. Then, the theoretical maximum AC voltage in each H-bridge was derived, and the maximum load unbalancing limits to maintain the DC capacitor voltages balance of each H-bridge were further deduced by analyzing the increase principle of the power in each H-bridge. In addition, the influence of ripple power and total load power on load unbalancing limits was discussed. Finally, an experimental prototype of a single-phase three-cell cascade H-bridge rectifier was built, and the correctness of the proposed load unbalancing limits was verified by experiment. This paper is organized as follows: The relationship in CHBR is described in Section II. The theoretical analysis and the derivation process of the proposed maximum load unbalancing limits are presented in Section III. The error analysis is discussed in Section IV. The experimental results are represented in Section V. Finally, conclusions are drawn in Section VI. Fig. 1 shows the structure of a single-phase CHBR with n H-bridges. u s is the grid AC voltage, i s is the grid AC current, and u ab is the 2n+1 level pulse width modulated voltage (i.e., the sum of the AC voltages of each H-bridge). L s is the smoothing inductor on the AC side; R s is the equivalent resistor of the inductor, wire and switching losses. u abk (k = 1, . . . , n) is the AC voltage of each H-bridge; i dck , VOLUME 7, 2019 v dck , R k , C k are respectively the load currents, DC capacitor voltages, equivalent loads, and capacitors. v dcall is the total DC capacitor voltage (i.e., sum of the DC capacitor voltages), and i dcall is the sum of load currents in the H-bridges.
II. ANALYSIS OF RELATIONSHIPS IN CHBR
The grid AC voltage and the grid AC current are assumed to be sinusoidal, as shown by
where U s and I s are the voltage and current peak values, respectively. ϕ is the angle between the grid AC voltage and the grid AC current; when the CHBR operated at unity power factor, ϕ is controlled to zero. ω is the angular frequency of the grid AC voltage. According to the relationship of variables in the AC side of the CHBR under the condition of unity power factor, the vector diagram of the AC side of the CHBR is shown in Fig. 2 .U abk is the AC fundamental voltage vectors of each H-bridge.U ab is the vector sum of the AC fundamental voltage vectors of each H-bridge.U s is the grid AC fundamental voltage vector.U Ls is the AC fundamental voltage vector of the smoothing inductor.İ s is the grid AC fundamental current vector. In practice, many variables contain harmonic components, but harmonic components are not the main factor affecting the transmission of active power. For the sake of analysis convenience, the fundamental component is considered alone in this paper. In addition, R s is very small and is also not the main factor affecting the transmission of active power. For the sake of analysis convenience, equivalent resistor R s was neglected in this paper.
As shown in Fig. 2 , when the CHBR operates under the condition of unity power factor, the grid AC fundamental voltage and the sum of the AC fundamental voltages of each H-bridge need a phase difference by an angle θ . Then, the sum of the AC fundamental voltages of each H-bridge can be expressed as
where U ab is the voltage peak value, and θ is the angle between the grid AC voltage and the sum of the AC fundamental voltages of each H-bridge. However, not all AC fundamental voltages of each H-bridge have a phase difference θ with the grid AC fundamental voltage, and we can assume that the phase differences between the AC fundamental voltage of each H-bridge and the grid AC fundamental voltage are φ k . The AC fundamental voltage of each H-bridge can be expressed as
where U abk is the AC voltage peak value of each H-bridge, and φ k is the angle between the grid AC voltage and the AC fundamental voltage of each H-bridge. According to the regulation principle, the AC voltages of each H-bridge can be obtained by controlling the duty cycle d k of each H-bridge; the relationship between the AC voltage of each H-bridge and the duty cycle of each H-bridge is
Because the DC capacitor voltages are constant, the fundamental duty cycle of each H-bridge is in phase with the AC fundamental voltage of each H-bridge, and it can be expressed as
where D k is the peak value of the duty cycle of each H-bridge.
III. ANALYSIS OF MAXIMUM LOAD UNBALANCING LIMITS A. ANALYSIS OF MAXIMUM AC VOLTAGES AMONG THE H-BRIDGES
By neglecting losses caused by the switching devices of each H-bridge in the CHBR, the AC side input active power can be assumed to be completely transferred to the DC side. Thus, the active power relationship between the AC and DC sides of the CHBR under the condition of unity power factor can be derived as [25]
P Lk (7) where P Lk is the load power of each H-bridge. The ripple power caused by the grid AC voltage, the grid AC current and the smoothing inductor is temporarily neglected in (7). Similarly, the active power relationship between the AC and DC sides of each H-bridge in the CHBR can also be obtained as 1 2
The AC voltage of each H-bridge can be expressed according (7) and (8) as
Assuming that the projection of u abk in the direction of the grid voltage is U abks , and it can be obtained
Fig . 3 shows the structure of a single phase inverter, and the waveform of maximum AC voltage of the single phase inverter is indicated by the red line. The maximum AC voltage of a single phase inverter can be expressed as
where the peak value of the fundamental voltage is
and the root mean square (RMS) of the fundamental voltage is
To analyze the maximum AC voltage in each H-bridge in the direction of the grid voltage, the vector diagram of the AC side of the CHBR was redrawn as shown in Fig. 4 . U abk is the AC fundamental voltage vector of each H-bridge; the AC fundamental voltage vector of the k-th H-bridge is put in the first place for the sake of analysis. The black dashed line, which is an arc of a circle, represents the maximum limit of the AC fundamental voltage vector of the k-th H-bridge. The radius of the black dashed line is represented by r k , and its value is 4v dck /π . According to the vector principle, the AC fundamental voltage of each H-bridge has many different combinations (e.g., the red and blue arrows marked in Fig. 4 ). When one of the AC fundamental voltages among the H-bridges takes the maximum value and is in phase with the grid AC fundamental voltage(i.e., cosφ k = 1), that AC fundamental voltage in the direction of the grid voltage can also take the maximum fundamental amplitude 4v dck /π (e.g., U ab k in Fig. 4) .
Combined with (10), the AC voltage of each H-bridge in the direction of the grid voltage should satisfy
However, the AC voltage of the k-th H-bridge in the direction of the grid voltage takes the maximum fundamental amplitude, which cannot prove that the maximum load carrying capacity of the k-th H-bridge has been achieved. The following discussion covers the analysis of the maximum load unbalancing limits in the view of the increase principle of the powers.
B. DERIVATION OF MAXIMUM LOAD UNBALANCING LIMITS
This analysis assumes that the CHBR has reached the steady state and the DC capacitor voltages for each H-bridge reach the reference value and achieve balance; the DC capacitor voltage reference value is E. By neglecting losses caused by the switching devices of each H-bridge in the CHBR, the active power relationships can be derived as
Equation (15) represents the active power relationship between the AC and DC sides of each H-bridge, and (16) represents the active power relationship between the AC and DC sides of the CHBR. To analyze the increase principle of the power among each H-bridge, the steady-state loads are changed. For the sake of analysis convenience, the load power of the m-th H-bridge was assumed to increase; the load increment is defined by R m . In addition, the loads of the other H-bridges remain unchanged. According to (16) , in order to balance the active power between the AC and DC sides of the CHBR, I s increases with increasing load of the m-th H-bridge; the increased I s is denoted by I s . Because the loads of H-bridges other than the m-th H-bridge remain unchanged, to satisfy the power balance between the AC and DC sides of each H-bridge, their AC voltages U abks (k = m) need to be reduced according to (15) . Similarly, according to (15) , the input AC power of the m-th H-bridge need to be increased to achieve the power balance between the AC and DC sides. However, the input AC power of the m-th Hbridge is affected by I s and U abms together, according to the aforementioned analysis. While keeping U abms unchanged, I s has been increased, with the result that the input AC power of the m-th H-bridge will increase as well. However the increased input AC power caused by I s alone to balance the increased output DC power caused by R m in the m-th H-bridge is uncertain. The following discussion covers the analysis of the relationship between the increased input AC power caused by I s alone and the increased output DC power caused by R m .
According to (16) , I s can be expressed as
Then, after the load power of the m-th H-bridge increases, I s can be deduced according to (17) as
Because U abms remains unchanged, U abms keeps the value of the previous steady state, in which the load of the m-th H-bridge is R m . Substituting (17) into (15) yields
According (18) and (19), the increased input AC power, P LmAC , caused by I s alone can be obtained by
The increased output DC power P LmDC caused by R m can be obtained
Comparing (20) and (21) obtains
According to (22) , it can be seen that the increased input AC power caused by I s alone cannot balance the increased output DC power caused by R m in the m-th H-bridge, so it is necessary to increase U abms to achieve power balance between the AC and DC sides of the m-th H-bridge, i.e., the duty cycle of the m-th H-bridge need to be increased by control. Thus, while keeping the DC capacitor voltages constant, U abms reaches its maximum (i.e., 4v dck /π), causing the input AC power of the m-th H-bridge to reach its maximum. At this time, if the loads of the H-bridges other than the mth H-bridge remain unchanged, the load that can be carried by the m-th H-bridge reaches its maximum, and the load unbalancing limits under this condition are the maximum load unbalancing limits that the CHBR can provide under this load level. According to the aforementioned analysis, the AC voltage of each H-bridge can be drawn in Fig. 5 . By combining (22) with (14), the power unbalancing limits can be obtained
where, establishment of equality represents the maximum power unbalancing limits. Then, the load unbalancing limits can be obtained further by
where, establishment of equality represents the maximum load unbalancing limits. By taking n = 3, i.e. CHBR with three H-bridges, combining with (24) , the 3-D graphic of load R 2 and R 3 as independent variables and load R 1 as a dependent variable can be drawn, as shown in Fig. 6 .
It can be seen from Fig. 6 that when the loads R 2 and R 3 change, the range of load unbalancing limits will also change accordingly. Therefore, the maximum load unbalancing limit in the CHBR is not a constant value; it changes with the changes in the loads of each H-bridge. Obviously, the maximum load unbalancing limits given in (24) are suitable for CHBRs with two or more H-bridges.
Because the total load power (i.e., the sum of load power of each H-bridge) that can be carried by the CHBR cannot be increased indefinitely, the CHBR as a whole is equivalent to a single-phase rectifier; its maximum load R total_min is constrained by its parameters [26] 
IV. ERROR ANALYSIS A. EFFECT OF TOTAL LOAD POWER ON MAXIMUM LOAD UNBALANCING LIMITS
According to (5), the active power relationships in (15) can also be expressed as
When the DC capacitor voltages of the H-bridges reach balance, the following is satisfied
According to (27), when the CHBR reaches the steady state, the vector diagram of the AC side of the CHBR can be drawn as shown in Fig. 7 . The black dashed lines represent the maximum limit of the AC fundamental voltage vector of the k-th H-bridge and the maximum limit of the vector sum of the AC fundamental voltage vector among H-bridges other than the k-th H-bridge. The radius of the black dashed lines is respectively represented by r k and r , and their values are respectively 4E/π and 4(n-1)E/π ; the shaded part represents the intersection area of the maximum AC fundamental voltage vector of the k-th H-bridge and the maximum vector sum of the AC fundamental voltage vectors among other H-bridges other than the k-th H-bridge in balanced state of the DC capacitor voltages among the H-bridges. That area is defined as safe operation area (SOA) in this paper. Limited by the maximum AC voltages among the H-bridges, in order to keep the CHBR operating at unity power factor and ensure the DC capacitor voltages maintain balance, the intersection point of the AC fundamental voltage vector of the k-th H-bridge and the vector sum of the AC fundamental voltage vectors among the H-bridges other than the k-th H-bridge must be in the SOA. Therefore, when controlling the balance of DC capacitor voltages in the CHBR, the intersection point of the AC fundamental voltage vector of the k-th H-bridge and the other H-bridges should be selected in the SOA to meet their power allocation and achieve DC capacitor voltages balance. However, the intersection points that can be selected to achieve the balance of DC capacitor voltages in practical control are not limited to one (e.g., the red and yellow arrows marked in Fig. 7) , and the intersection point can be changed by regulating the amplitude and phase of the duty cycle of each H-bridge according to practical demand.
As shown in (27), U abks is proportional to 1/R k . Therefore, after the loads among the H-bridges are determined, the voltage allocations of U abks among the H-bridges can be determined; the voltage allocations are separated by l 1 , l 2 , . . ., l n−1 in Fig. 7 . For example, after the voltages of U abks among the H-bridges are allocated according to the red arrows in Fig. 7 , the DC capacitor voltages among the H-bridges can be controlled to balance. However, the intersection point combinations to achieve balanced DC capacitor voltages are not unique. The intersection point of the AC fundamental voltage vector between the k-th H-bridge and the first H-bridge can move on l k , the intersection point of the AC fundamental voltage vector between the first H-bridge and the second H-bridge can move on l 1 , and so on. From the perspective of control, the positions of the intersection points are regulated by duty cycle of each H-bridge, i.e., the balance of the DC capacitor voltages can be achieved by voltage-balancing controller. D k cosφ k controls active power distribution to achieve the balance of active power among the H-bridge; D k sinφ k controls reactive power distribution to the satisfy reactive power required by the smoothing inductor, achieving the operation of unity power factor as shown in Fig. 7 .
Depending on the demands of different loads, the SOA area can be divided into two situations, as shown in Fig. 8 . When the total load power is small, the SOA area can intersect with the grid AC voltage axis, as shown in Fig. 8(a) . When the load of the k-th H-bridge increases, in order to achieve power balance between the AC and DC sides of the k-th H-bridge, the value of U abks need to be increased according to analysis discussed in Section III-B. In Fig. 7 , l k moves to the right to increase U abks , and the maximum moving position reaches point A in the SOA. At point A, the load power that can be carried by the k-th H-bridge reaches its maximum. The amplitude of U abk can take the maximum value and be in phase with the grid AC voltage (i.e., cosφ k = 1). Thus, the value of U abks can take the maximum value, meaning that (24) establish equality. At this time, the load unbalancing limits of the k-th H-bridge can take the theoretical maximum value shown in (24) . When the total load power is large, the SOA area cannot intersect with the grid AC voltage axis, as shown in Fig. 8(b) . When the load of the k-th H-bridge increases, the value of U abks need to be increased to achieve power balance, and the maximum moving position reaches point B in the SOA. Although the load power that can be carried by the k-th H-bridge reaches its maximum at point B and the value of U abk can take the maximum amplitude, U abk cannot be in phase with the grid AC voltage (i.e., cosφ k < 1). At this time, the value of U abks cannot take the maximum value, meaning that (24) cannot establish equality. Thus, when the total load power increases to a certain extent, the load unbalancing limits of the k-th H-bridge cannot take the theoretical maximum value.
B. EFFECT OF RIPPLE POWER ON MAXIMUM LOAD UNBALANCING LIMITS
Ripple of the total DC capacitor voltage will cause an increase in the grid AC current, which will cause the coupling of the grid AC fundamental current and an increase in the third harmonic component of the grid AC current. According to the principle of the DC capacitor voltage outer loop control, the reference of the grid AC current i sref can be obtained under the action of the ripple of the total DC capacitor voltage [26] 
where v dcallref is the reference of the total DC capacitor voltage, v dcallrip is the ripple amplitude of the total DC capacitor voltage, β is the angle between the ripple voltage and the grid AC voltage, and k vp is the proportional coefficient of voltage outer loop. From (28), it can be seen that the fundamental current of the reference of the grid AC current will increase a coupling term caused by the ripple voltage, and that coupling term will produce a ripple equivalent resistor in the DC side. The ripple equivalent resistor R rip can be derived according to [26] 
Therefore, the load power that can be carried by the CHBR will be determined by R 1 , R 2 , . . . , R k , . . . , R n and R rip . Considering the effect of ripple voltage on the total DC capacitor voltage, the practical load carrying capacity of the CHBR will be less than the theoretical value [26] . Combined with (23), the power unbalancing limits affected by the ripple voltage can be obtained by
where P rip is the ripple power caused by the ripple voltage.
Combined (30) with (23), Obviously, under the effect of ripple power, the maximum power unbalancing limits are less than the theoretical value, and the heavier the loads are, the larger the ripple voltage is, the more serious the impact is on the load carrying capacity and maximum power unbalancing limits of the CHBR.
Then, the power unbalancing limits satisfy
V. EXPERIMENTS AND ANALYSIS
In order to verify the correctness of the proposed maximum load unbalancing limits, the experimental platform of a three-cell cascaded H-bridge rectifier was established, as shown in Fig. 9 . The control algorithm adopted the method in [18] and was programmed in DSP TMS320F28335. The control block diagram is shown in Fig. 10 , adopting a double closed-loop controller to realize the power factor correction and the stability of the total DC capacitor voltage (blue dashed line in Fig. 10 ) and adopting a voltage-balancing controller to maintain DC capacitor voltage balance (red dashed line in Fig. 10 ). It should be pointed out that during the experimental process, the voltage-balancing controller had been working. The experimental parameters are shown in Table 1 .
A. ANALYSIS OF EXPERIMENTAL RESULTS
At the beginning, the loads of each H-bridge R 1 , R 2 , and R 3 were set to 35 , 50 , and 60 for the experiment. At some moment, the value of R 1 was changed from 35 to 33 ; the experimental results are shown in Fig. 11 . Fig. 11(a) shows the waveforms of the grid AC voltage and the grid AC current, Fig. 11(b) shows the waveforms of the DC capacitor voltages for each H-bridge, and Fig. 11(c) shows the waveforms of the AC voltages for each H-bridge. Fig. 12 shows magnified views of the AC voltages for each H-bridge under the two aforementioned load conditions. Fig. 12(a) shows the waveforms of the AC voltages for each H-bridge in the load condition of 35 , 50 , and 60 (corresponding with the red dashed line in Fig. 11(c) ). Fig. 12(b) shows the waveforms of the AC voltages for each H-bridge in the load condition of 33 , 50 , and 60 (corresponding with the green dashed line in Fig. 11(c) ).
It can be seen from Fig. 11(a) that the grid AC current is in phase with the grid AC voltage, achieving the operation of unity power factor. In addition, the total harmonic distortion (THD) of the grid AC current was also calculated before and after load change: 3.92% and 4.47% respectively. Because the increased power of load R 1 is not obvious, when R 1 changed, the change in the grid AC current is not obvious either. However, the state of the DC capacitor voltages is greatly affected by the increased power of load R 1 , and transforms from balanced to unbalanced condition, as shown in Fig. 11(b) . The results in Fig. 11(b) indicate although the voltage-balancing controller is working, it already fails to balance the DC capacitor voltages for each H-bridge. This phenomenon can be explained by Fig. 11(c) and the theory of maximum load unbalancing limits. In Fig. 11(c) , the load power values of the second and third H-bridges are relatively small. Thus, the amplitudes of the AC fundamental voltages in the second and third H-bridges are relatively small to satisfy the power balance among the H-bridges. However, the load power of the first H-bridge is already large at the beginning. When the power of load R 1 increases, the AC fundamental voltage of the first H-bridge need to increase to satisfy the power balance in that H-bridge. When the amplitude of the AC fundamental voltage in the first H-bridge reaches its maximum value, if the power of load R 1 is increased again, the power of the AC side in the first H-bridge cannot be balanced with the power of the DC side under the given reference of DC capacitor voltage, and in order to achieve power balance between the AC and DC sides of the first H-bridge, the DC capacitor voltage of the first H-bridge decreases below the reference DC capacitor voltage, which causes unbalanced DC capacitor voltages, as shown in Fig. 11(b) . This process is shown more clearly in Fig. 12 . Under the load condition of 35 , 50 , and 60 , the amplitude of the AC fundamental voltage in the first H-bridge does VOLUME 7, 2019 not reach its maximum value, as shown in Fig. 12(a) . Under the load condition of 33 , 50 , and 60 , the amplitude of the AC fundamental voltage in the first H-bridge can take the maximum value, and the waveforms of the AC voltages for each H-bridge in Fig. 12(b) are similar to that shown in Fig. 5 , which verifies the correctness of theoretical analysis. According to (24) , it can be calculated that the theoretical maximum load unbalancing limits value of the first H-bridge is 33.3 . When the value of R 1 is changed from 35 to 33 , 33 exceeds the maximum load unbalancing limits value of the first H-bridge, Therefore, under this load condition, the DC capacitor voltages cannot remain balanced, which verifies the correctness of the proposed maximum load unbalancing limits.
B. ANALYSIS OF ERROR VALIDATION
According to the previous analysis, the theoretical maximum load unbalancing limit value of the first H-bridge is 33. 3 . However, when R 1 reached 34 in the experiment, the balance of DC capacitor voltages could not be maintained, as shown in Fig. 13 . This result is caused by ripple power, as discussed in Section IV-B, with the result that the practical maximum load unbalancing limit of the first H-bridge is less than the theoretical maximum load unbalancing limits, as shown by (31). The results in Fig. 13 verify the effect of ripple power on the maximum load unbalancing limits.
Then, the effect of total load power on the maximum load unbalancing limits was verified by comparing the experimental results at the unbalanced state of DC capacitor voltages are shown in Fig. 14(a) , and those under the load condition of 6 , 10 , 10 are shown in Fig. 14(b) . According to the theoretical analysis, a larger the total load power causes a smaller SOA area that can achieve the balance of DC capacitor voltages. When the total load power increases to a certain extent, although the amplitude of the AC fundamental voltage in the first H-bridge can take the maximum value, its phase will lag the phase of the grid AC voltage, the value of U ab1s cannot take its maximum value. In Fig. 14(a) , the AC fundamental voltage in the first H-bridge under the load condition of 33 , 50 , and 60 can take the maximum value and be in phase with the grid AC voltage, meaning that the value of U ab1s can take its maximum value. If the ripple power or other factors have no effect on the load unbalancing limits, the load unbalancing limit of the first H-bridge under this load condition can reach the maximum value calculated by (24) . In Fig. 14(b) , under the load condition of 6 , 10 , and 10 , the DC capacitor voltages under this load condition cannot be balanced, clarifying that the voltage U ab1s has already reached its maximum it can give. At this time, the AC fundamental voltage in the first H-bridge can take its maximum value, but its phase lags the phase of the grid AC voltage (φ 1 ), meaning that the value of U ab1s cannot take its maximum value, which verifies the correctness of the analysis discussed in Section IV-A. Moreover, the lag angle increases with increasing total load power.
In order to further analyze the effect of ripple power and the total load power on the maximum load unbalancing limits, 10 groups of experiments were also performed. In the experiments, the loads R 2 and R 3 were equal, and the maximum value of R 1 that can maintain the balance of DC capacitor voltages was tested. The tested results are shown VOLUME 7, 2019 in Table 2 . For the sake of convenience in reflecting the error influence, a comparison chart of power percentage between theoretical maximum power unbalancing limits and practical maximum power unbalancing limits was drawn as shown in Fig. 15 according to the data in Table 2 . It can be seen from Fig. 15 that in all tested power ranges, the practical maximum power unbalancing limits are always less than the theoretical value. The reason for this result is that the effect of ripple power causes the practical value to be less than the theoretical value. It can also be seen that when the total load power increases to a certain extent, a larger total load power results in a weaker practical load carrying capacity of the first H-bridge and a greater difference between the practical value and the theoretical value, which proves the effect of total load power on the maximum load unbalancing limits, and also proves the correctness of the theoretical analysis.
VI. CONCLUSION
With respect to the load unbalancing limits in the CHBR under unity power factor, universal maximum load unbalancing limits are proposed to maintain the balance of DC capacitor voltages. Firstly, the relationships in the CHBR were analyzed. Then, the theoretical maximum AC voltage of each H-bridge was derived, and the maximum load unbalancing limits to maintain the DC capacitor voltage balance of each H-bridge were further deduced by analyzing the increase principle of the powers among the H-bridges. In addition, the influence of ripple power and total load power on load unbalancing limits was analyzed. Finally, an experimental prototype of a single-phase three-cell cascade H-bridge rectifier was built, and the correctness of the theoretical analysis was verified by experiment. The conclusion provides theoretical guidance for the stable operation and power transmission of CHBR.
